Axons follow highly stereotyped and reproducible trajectories to their targets. In this review we address the properties of the first pioneer neurons to grow in the developing nervous system and what has been learned over the past several decades about the extracellular and cell surface substrata on which axons grow. We then discuss the types of guidance cues and their receptors that influence axon extension, what determines where cues are expressed, and how axons respond to the cues they encounter in their environment.
T his article provides an overview of how growth cones respond to the cellular substrata and molecular cues they encounter as they extend through the developing nervous system. It elaborates on the primer by Kolodkin and TessierLavigne (2010) and touches on many of the topics covered in greater detail in the articles that follow. The first sections describe how axons extend in a directed manner, the substrata on which they grow, interactions between pioneer and follower axons, and growth cone behaviors in emerging tracts and at decision points. The subsequent sections discuss examples of specific cues, their distributions, how their distributions are determined, and how growth cones integrate multiple cues during pathfinding.
AXONS EXTEND IN VIVO IN A DIRECTED MANNER
The first person to visualize the growing tips of axons, Ramon y Cajal, recognized that axons for the most part grow very efficiently towards their ultimate targets. He was a strong advocate for axons finding their way in response to chemotactic cues:
"If one admits that neuroblasts are endowed with chemotactic properties, then one might also imagine that they are capable of ameboid movements, initiated by factors secreted from epithelial, neural, or mesodermal elements. As a result, their processes may be oriented in the direction of chemical gradients, and thus guided to the secreting cells" (Ramon y Cajal 1892; trans. English, 1995) .
This surprisingly modern outlook emphasizing directed guidance was temporarily derailed by the views of Weiss during the 1920s and 1930s. He first argued that functional specificity did not arise as a consequence of specific axonal connections (Weiss 1936) , and later argued that nonspecific mechanical guidance cues play a predominant role in guiding axons and organizing them into nerves and tracts (Weiss 1934; Weiss 1945) . These views were most effectively challenged by Weiss's student Sperry, who showed that regenerating retinal axons accurately reinnervate their original target locations in the frog tectum (Sperry 1943a,b; Attardi and Sperry 1963) . He proposed that the retina and the tectum have a system of complementary chemical cues that help map the innervating axons onto their appropriate locations in the tectum (Sperry 1963) . Subsequent work by many groups has shown that retinal axons compete amongst themselves in an activity dependent manner for tectal territory, and can thereby redistribute themselves within the target, but the basic finding that retinal axons initially prefer to grow to or branch in specific target locations has been vindicated by the discovery that counter gradients of Ephs and ephrins help establish retinotopy in visual centers (Cheng et al. 1995; Feldheim et al. 2000; Hindges et al. 2002; McLaughlin et al. 2003 ) (see Feldheim and O'Leary 2010 ).
Cajal's intuition that axons extend in a directed manner has proven to be prescient. In both invertebrate and vertebrate systems, the first axons to extend in the developing nervous system grow along highly stereotyped routes to form a reproducible scaffold of nerves and tracts. This was nicely shown, for example, in chick embryos by Cajal's student Tello (1923) and by Windle and Austin (1935) . More recently, similar studies have been performed in zebrafish embryos (Chitnis and Kuwada 1990; Wilson et al. 1990; Ross et al. 1992) . Typically these early pathways are pioneered by groups of axons that grow in a poorly fasciculated ribbon that becomes thickened over time as follower axons are added into each tract. These observations of highly invariant axonal outgrowth during early embryonic times leads to the inescapable conclusion that axons are actively guided to their targets. Not only must specifically localized guidance information be available in the developing nervous system, but axons must have a mechanism through which they can detect and respond appropriately to these guidance cues (Fig. 1) .
PIONEER NEURONS
In any developing axon tract, the first extending axons will necessarily pioneer the route that all axons in the tract will ultimately traverse. Are the pioneers a specialized class of neurons with special properties, or do they have the same properties as all of their followers? Invertebrate neurons are individually identifiable, and thus the growth cones of specific neurons can be repeatedly observed in multiple individual animals. It was thus possible to show in both the peripheral and central nervous systems of insect embryos that particular growth cones travel along very precise trajectories through reproducible and defined choice points. For example, peripheral axonal pathways in the antenna, the leg, and the cerci are established by pairs of early differentiating axons called pioneers, which extend along stereotyped pathways into the CNS (Bate 1976; Edwards 1977; Keshishian 1980) . These pioneers are necessary for the normal pathfinding of subsequently growing axons (Edwards et al. 1981; Klose and Bentley 1989) . Reproducible deflections in pioneer trajectories within the leg correlate with the locations of specific early differentiating sensory cells, and deletion of these cells induce abnormal pioneer pathfinding (Bentley and Caudy 1983) . These intermediary cells were thus termed "landmark" or "guidepost" cells because they provide navigational information to the pioneers. Particularly in the leg, however, it does not appear that a single pair of pioneer axons establishes connectivity between the distal-most periphery and the central nervous system de novo. Instead, the axons of an array of pioneer neurons pioneer short segments of the overall pathway while simultaneously acting as guidepost cells to more distal pioneers . The overall pattern of peripheral connectivity is produced by the cascading fasciculation of these many axons into peripheral nerves. The results of these studies suggested that pioneers prefer to extend from distal to proximal within the appendage, and their distinctive trajectories result in part from growing from guidepost to guidepost cell (Berlot and Goodman 1984) . A similar process applies to the highly reproducible nature of axonal trajectories in the insect CNS. Specific identifiable central pioneer axons are the first to extend on stereotyped pathways and reproducibly interact closely with, and are guided by, specific neuronal and glial partners (Taghert et al. 1982; Bastiani and Goodman 1986; Hidalgo and Booth 2000) . Pioneer axons fasciculate with one another to form a scaffold on which subsequent axons extend (Raper et al. 1983b) . Axons that extend on a common pathway can diverge from one another at reproducible choice points to join specific axonal bundles in the scaffold Bastiani et al 1984) . Deletion of neurons that produce a particular bundle disrupt the navigation of axons that would normally join the missing bundle . Different growth cones were shown to make divergent choices at the same choice points, demonstrating that each can respond to the same guidance cues in a cell specific manner (Raper et al. 1983a) . These findings highlighted the precision with which axons extend in the developing CNS and some of the very specific cellular interactions that provide axonal guidance information (Fig. 2) .
The act of naming the first extending axons "pioneers" did not endow them with special properties lacking in other neurons. Their ablation often perturbs the guidance of subsequent follower axons, either by delaying or misrouting them, but does not necessarily prevent followers from extending and locating their appropriate targets (Durbin 1987; Edwards et al. 1981; Pike et al. 1992; Hutter 2003) . As a rule pioneers contribute guidance information and a suitable substratum for extension to their followers, but only in rare cases are they essential for followers to reach their targets (Whitlock and Westerfield 1998; Pittman et al. 2008) . These findings are generally borne out by studies of pioneer axons in the developing retinal-tectal projections of vertebrates. Retinal pioneers normally originate in the dorsal half of the Xenopus eye, but when dorsal half eyes are replaced with less mature dorsal half eyes, axons arising from the ventral half eye can pioneer the connection between the eye and tectum without apparent difficulty (Holt 1984) . More recently, it has been shown that suppressing early retinal pioneer outgrowth by inhibiting the differentiation of the first retinal ganglion cells in zebrafish eyes prevents subsequent axons from exiting the eye (Pittman et al. 2008 ). This could imply that retinal pioneers have special pathfinding abilities, but could more simply be explained by the closer proximity of the pioneers to cues near the point at which they exit the eye. This same study used an elegant transplantation technique to show that pioneers missing an important guidance receptor induce normal follower axons to grow on aberrant trajectories, whereas normal pioneers tend to suppress pathfinding errors made by mutant follower axons. These findings are in agreement with the results from invertebrate studies showing that pioneers provide essential information that follower axons use for normal pathfinding. In general, pioneers establish a basic axonal scaffold early while embryos are small, distances are short, and the necessary guidance cues are close together. Follower axons can respond to some or all of the cues that the pioneers use to navigate, but the followers' ability to navigate efficiently is enhanced by cues provided by the pioneers.
SUBSTRATA IN VIVO
Harrison was the first to show that axons require a solid substratum on which to extend in vitro (Harrison 1910) , and even though Weiss was too quick to dismiss the possibility that chemotropic cues guide axons to their targets, he performed a number of clever tissue culture experiments demonstrating that the orientation of fibrillar and substratum features can strongly orient axonal processes (Weiss 1934; 1945) . When examined in vivo, some of the very first axons growing out into the CNS and PNS extend through spaces formed between other cells. In the mid-1970s Marcus Singer and colleagues championed the idea that these physical channels-interstitial spaces created by clearings amongst radial processes of the ependyma and germinal neuroepithlium-serve as a "blueprint" for axonal growth (Singer et al. 1979) . By electron microscopy, the spaces seem to be filled with "light amorphic material" (Nordlander and Singer 1982) . Although the spaces are presumably filled with fluid and other matrix components, as expected from the earlier observations in vitro, growth cones do not "swim" through such spaces and instead are apposed to surfaces of adjoining cells (Fig. 3B,C) . The molecular attributes of the channels and their inner surfaces have not been characterized, and this phenomenon has gone unstudied since these observations were made in the 1970s and 1980s.
During the earliest periods of axon growth, young axons, even followers, relate to glial cells. Older axons tend to lie deeper within fiber bundles. Primitive glial processes accompany growth cones exiting the ventral spinal cord during ventral root formation, and Schwann cells enfold dorsal root ganglion cell axons just as they invade the dorsal neural tube (Tennyson 1970; Nordlander et al. 1981) (Fig. 3A) . Similarly, just before the corpus callosum forms, primitive glial cells migrate medially from the ependymal zones of each hemisphere and through the fused walls of the dorsal septum, laying down a transient roadway termed the glial "sling." The pioneer axons of callosal fibers then extend on the sling (Silver et al. 1982 (Silver et al. , 1993 (See Chédotal and Richards 2010). In his observations on living nerves in the intact tadpole, Speidel found that dividing sheath cells and fibroblasts appeared to have a growth stimulating effect on extending axons (Speidel 1933) , but the molecular nature of these cells in their primitive state is not known. In the optic nerve retinal ganglion cell axonal growth cones interpose among other previously extended axons and/or glial processes that increasingly enfold and subdivide axonal bundles (Colello and Guillery 1992) (Fig. 3D ). As retinal axons approach the optic chiasm and tract, the youngest axons exit the bundles enfolded by such interfascicular glia and extend on and amongst radial glial end feet, with the youngest axons always closest to the pial basal lamina where the glial end feet attach (Colello and Guillery 1998; Stuermer and Bastmeyer 2000) . In the fly visual system, a two-way neuron-glial interaction ensures proper axon outgrowth and glial enfolding of axons. As photoreceptor axons grow out, glia require a signal from the neurons to migrate back along the axons. Neurons in turn depend on the glial cells for proper guidance to exit the eyestalk (Rangarajan et al. 1999; Hummel et al. 2002) . Areas of future study might include whether young glia in tracts in vivo have specialized molecules for axon extension, and to what extent neurons signal glial migration and process extension around axon fascicles.
Whereas peripheral pioneer axons grow on epithelial surfaces, follower axons in vivo display an avid preference for other axons (Speidel 1933) . Wigglesworth (1953) showed that axons generally prefer other axons by damaging axons and observing that they grew back on themselves. Fasciculation of axons enables the younger axons of a given population within the same trajectory to add onto the tracts laid down by pioneer and older axons. During midline crossing in the fly CNS, homotypic axons from opposite sides of the neuraxis meet and grow along each other's surfaces, an interaction that is required for midline crossing (Myers and Bastiani 1993) . Reordering of axon subpopulations can occur along pathways through changes in fasciculation, such as when retinal ganglion cell axons from nasotemporal and dorso-ventral retinal quadrants shift their relative positions as they the extend through the optic chiasm (Chan and Chung 1999) and when bundles of retinal axons shift positions as they extend in the optic tract (Walsh and Guillery 1985) . The reasons for these shifts are not understood.
Axon -axon interactions are critical for organizing axons into smaller bundles to facilitate proper topographic targeting later in the trajectory. In the fly eye, homophillic adhesive interactions bind together axons within the same ommatidial bundle (Chen and Clandinin 2008) . In all of these instances, homotypic axon -axon interactions function to keep like axons together. In addition, antifasciculation interactions between heterotypic axon bundles ensure proper segregation of unlike axon fascicles so that they can extend to different targets. For example, EphA receptors on motor neuron axons prevent them from mingling with ephrinA-expressing sensory axons within axial nerves traveling to the muscles (Gallarda et al. 2008) .
Growing axons prefer to grow on immature glia in emerging tracts and nerves, but they have distinct and often repulsive relationships with the glia at decision regions such as the midline of the forebrain, optic chiasm, and spinal cord. Various ensembles of immature radial glia, other noncanonical glia and transient neurons predominate at these sites Lindwall et al. 2007 ) (See Chédotal and Richards 2010) . Glial cells at midline loci express both inhibitory and growth-promoting guidance factors, and serve to cordon axons into their proper tracts and to prevent them from straying (e.g., Plump et al. 2002) . Other molecules on midline glia are repulsive and induce some growth cones to turn away from the midline. Whether there are specific guidance factors that facilitate actual passage across the midline is not clear (See Dickson and Zou 2010) . Glia and growth cones were thought to communicate via intercellular exchange of growth factors or modifiers of guidance factor expression (Rajagopalan et al. 2000; Yamamoto et al. 1990) . As seen by ultrastructural analysis, retinal axon growth cones entering the optic chiasm midline intertwine with glial processes, and signs of intercellular interchange, such as coated vesicles, are prominent (Fig. 4) . In the spinal cord, commissural axons appear to interact with side arms of the floor plate cells (Campbell and Peterson 1993) , and in the insect CNS, the midline glia extend processes around bundles of commissural neurons, an interaction that is in part implemented by a specific form of neurexin (Stork et al. 2009 ).
As with guidepost cells in the insect limb, growth cones use neuronal cells as substrata and guides. In the vertebrate brain, cohorts of transient neurons serve this function. In the fish, retinal axons grow in contact with the axons of neurons comprising the tract of the postoptic commissure (Wilson et al. 1990 ). During optic chiasm formation in the mouse, a Vshaped raft of transient neurons form a template along and around which retinal axons grow but do not invade; the tip of the V intersects the specialized radial glia at the optic chiasm midline . These early-born neurons are thought to guide both crossed and uncrossed retinal axons past the midline (Sretavan et al. 1994) . The subplate cells in the developing cortex, a transient cell layer above the subventricular zone and below the emerging cortical layers, serve as a temporary way-station where axons pause before entering the emerging permanent cortical layers (Luskin and Shatz 1985; Ghosh and Shatz 1992) . The subplate is crucial for proper guidance and afferent invasion of the cortex (Catalano and Shatz 1998; Kanold et al. 2003) . The subplate is similar to the chiasmatic neurons described above, in that these cell groups disappear (or transit into other cell types) as the brain matures. Both chiasm and subplate cells have unique molecular features such as SSEA-1, an epitope generally associated with progenitor cells (Capela and Temple 2002) . These findings indicate that transitory cell populations can serve an important guidance role even though they have no function in the mature nervous system. Ramon y Cajal pointed out that variations in growth cone morphology reflect the cellular and "chemical" environment in which growth cones extend. Beginning in the 1970s, growth cone forms were chronicled in vitro during encounters with differing substrata or specific neuronal or glial cells (e.g., Letourneau 1975; Kapfhammer and Raper 1987; Bandtlow et al. 1990; Cooper and Smith 1992; Burden-Gulley et al. 1995) . These studies provided an index for analyzing growth cone morphology and behaviors in vivo. In the mid 1980s, numerous studies based on dye-labeling, static and dynamic imaging, and EM of growth cones in invertebrates and vertebrates convincingly showed that growth cone morphology mirrors three general behaviors that are related to substrata and cellular environments through which they grow (e.g., Tosney and Landmesser 1985; Caudy and Bentley 1986; Bovolenta and Mason 1987; Norris and Kalil 1990; Kim et al. 1991) . Torpedo-shaped growth cones, often with convex and concave lamellar "wings" extending from a central shaft, are observed during extension on axon bundles in tracts in vivo. The lamellae dynamically wrap around axonal bundles. Growth cones become complex with numerous filopodia and an expanded body at sites where axon direction or cellular relationships change. These include choice points such as the midline, at plexi, and at the entry to target regions. Growth cones become complex when they pause from active extension yet filopodia continue to retract and extend. When an aversive cue is encountered, growth cones condense into smooth, appendage-free stumps, and often retract. Collapsed growth cones re-extend, repeat the cycle of protrusion and retraction, and eventually extend forward in the same or new direction (Sabry et al. 1991; Godement et al. 1994; Mason and Wang 1997; Hutson and Chien 2002; Sakai and Halloran 2006) . Changes in growth cone shape and behavior observed in vivo can thus herald a shift in the nature of the cues presented by the cellular and extracellular components in the path of a growing axon. However, only a few studies have related the behaviors of growth cones to the distribution of specific guidance molecules along pathways in vivo (e.g., Whitesides and LaMantia 1996).
MOLECULAR GUIDANCE CUES
The highly reproducible patterns of axonal outgrowth in developing embryos and the observed preferences of specific axons for particular substrata in vivo implies that axons are actively guided by information in their surrounding environment. This information must be specifically distributed reproducibly from embryo to embryo to produce repeatable patterns of axonal outgrowth. In principle, guidance information could take multiple forms ranging from electrical gradients, physical constraints, and localized molecular cues. Inspired in part by the ideas of Cajal and Sperry and the availability of powerful biochemical, molecular, and genetic techniques, the past two decades have seen a concerted effort to identify and characterize molecular signaling molecules that promote and guide axon extension. Although powerful in vitro assays have been developed to identify and characterize candidate cues, a bona fide guidance function can only be ascribed to a candidate cue by demonstrating that its loss in vivo induces axonal misprojections.
Adhesive Cues
For axons to extend in vitro, they require the presence of a permissive substratum on which to extend. Adhesive cues generally fall into two major categories, either particular extracellular matrix (ECM) components expressed in cellular interstices or basement membranes, and cell adhesion molecules (CAMs) expressed on nonneuronal or neuronal surfaces. These extension promoting substrate molecules are recognized by specific receptors on axonal growth cones that are in turn indirectly linked to the motile machinery within the growth cone (Suter and Forscher 2000) (See Gertler et al. 2010) . Growth cones adhere to permissive substrata and exert force, such that they are more difficult to dislodge from the substratum when they are adherent (Heidemann and Buxbaum 1991) . When presented with a choice of permissive and nonpermissive substrata arrayed in alternating stripes or a grid, the selective adherence of growth cone processes to the permissive substratum redirects the growth cone onto the permissive zone (Letourneau 1975 ).
An example of an ECM protein that promotes outgrowth is the basement membrane component laminin. Axonal extension on laminin and most other ECM components requires that growth cones express appropriate receptors largely from the integrin family (Bozyczko and Horwitz 1986; Jessell 1988; Letourneau et al. 1994; Huber et al. 2003) . Neurons have preferences for different ECM substrata according to the subtypes of integrin receptors they express (McKerracher et al. 1996) . Different families of ECM components can influence the effect of other components. For instance, proteoglycans (CSPG) can have different effects depending on whether they are presented on a laminin or fibronectin substrate (Snow et al. 1996) . Likewise, heparin and glycoaminoglycans can inhibit the action of fibronectin (Carbonetto et al. 1983) .
Neurons and glia express various combinations of a wide variety of CAMs that can mediate the adhesion of axons to themselves or other cellular processes. One major class of cell adhesion molecules thought to be important in axonal outgrowth is the Ig superfamily of CAMs including NCAM, fasciclins, NILE, TAG-1, DM-GRASP, and neurofascin. Another class is the calcium-dependent cadherins. Both IgCAMs and cadherins can bind homophilically, and many of the Ig-CAMs also bind heterophilically (Rougon and Hobert 2003; Schmid and Maness 2008) . CAMs can be shown to promote axonal growth in vitro and different classes of neurons display preferences for different CAMs.
Cell adhesion molecules promote adhesion by serving as indirect physical linkers connecting the outside environment to the internal cytoskeleton, and also serve as receptors that activate signaling processes, for example in the FAK-MAPK pathways which further promote or impede motility (Williams et al. 1994; Bechara et al. 2007; Maness and Schachner 2007) .
The results from antibody perturbation experiments in vivo are consistent with the idea that CAMs play important roles in axon fasciculation or guidance. NCAM and NgCAM have been implicated in promoting the fasciculation of retinal and spinal commissural axons respectively, whereas axonin-1 and NrCAM have been implicated in commissural and retinal axon pathfinding at the midline (Stoeckli and Landmesser 1995; Fitzli et al. 2000; Thanos et al. 1984; Williams et al. 2006) . Pathfinding errors after genetic ablation of CAMs have been reported in a limited number of cases. For example, the Ig-superfamily molecule sidestep has an adhesive interaction with beaten path. Motor axons expressing beaten path extend along a pathway that expresses sidestep, and mutations in either molecular component can disrupt axon pathfinding (Siebert et al. 2009 ). Loss of DN-Cadherin in fly embryos induces defasciculation and misorientation of axons (Iwai et al. 1997) . In null mouse mutants of Celsr3, an atypical cadherin/Drosophila flamingo homologue, the extension of subcortical projections to and within the cortex are impaired and cortex-specific inactivation impairs projections to the cortex (Zhou et al. 2008 ). In the L1 null mouse thalamocortical axons are hyper-fasciculated and make guidance errors (Wiencken-Barger et al. 2004 ). Loss of b integrin leads to aberrant organization of the peripheral nervous system, in spinal nerve organization, and neuromuscular junction synaptogenesis (Pietri et al. 2004) . These examples are not the norm as in the absence of single CAMs or ECM components, few defects are normally observed in neurons in axonal pathfinding or organization, such as in the loss of b integrin in a conditional knockout mouse (Schwander et al. 2004) . Further, these mutant phenotypes may not be explained by the loss of adhesive interactions per se, but instead may be ascribed to the proposed role of CAMs such as L1 or integrins as crucial accessory receptors involved in semaphorin signaling (Castellani et al. 2000; Pasterkamp et al. 2003; Bechara et al. 2007; Wolman et al. 2007; Law et al. 2008; Wang et al. 2008) .
Because the expression of particular CAMs has the potential to determine selective axonaxon and axon -cell interactions in vivo, their study will likely be at the center of future efforts to understand growth cone guidance decisions at a cellular level. The challenge lies in how to genetically manipulate CAMs and ECM molecules, spatially and temporally, singly and in various combinations, to better understand their role.
Trophic Signals
Trophic signaling molecules promote neuronal survival, growth cone motility, and axon outgrowth. One example is the neurotrophins (Reichardt 2006) . Trophic signals help stimulate growth cone motility (Connolly et al. 1985) , and steep gradients of neurotrophins can orient axonal outgrowth in vitro (Letourneau 1978; Gundersen and Barrett 1979) . Thus far, neurotrophins have not been found to have a profound effect on axon directionality in vivo (e.g., O'Connor and Tessier-Lavigne 1999), but they may act as short range attractants once axons come very close to their targets (Patel et al. 2000; Genç et al. 2004 ). Other trophic factors have been proposed to play important guidance roles. Insulin-like growth factor (IGF) has been proposed to act as a chemoattractant for olfactory axons (Scolnick et al. 2008) . Hepatocyte growth factor (HGF) promotes the survival of motor neurons, is expressed in branchial arches, is required for normal extension of the hypoglossal nerve, and attracts cranial motor axons in vitro (Ebens et. al. 1996; Caton et al. 2000) . Even so, our current understanding suggests that the most general function of trophic factors is to promote the stabilization and survival of neurons and their processes once they have made connections with their appropriate targets (Reichardt 2006; Marshak et al. 2007 ).
Tropic Guidance Cues
Tropic cues impart a directional valence to growth cone motility, acting as either attractants or repellents. The chemotactic cues hypothesized by Cajal would fall into this category. For example, Semaphorin3A acts as a secreted repellent that prevents entry of early arriving olfactory axons into the chick olfactory bulb (Luo et al. 1993; Renzi et al. 2000) , or in the mouse olfactory system, helps to map sensory axons from the epithelium onto specific regions of the olfactory bulb (Schwarting et al. 2000; Taniguchi et al. 2003; Imai et al. 2009 ). Netrin/ unc6 is a secreted chemotactic signal produced at the ventral midlines of both vertebrates and invertebrates. It attracts one subset of axons while repelling another, helping to determine whether axons extend either ventrally or dorsally (Hedgecock et al. 1990; Kennedy et al. 1994; Colamarino and Tessier-Lavigne 1995; Wadsworth et al., 1996) . In the vertebrate spinal cord, netrin is expressed in non-neuronal cells at the floor plate at the ventral midline and one of its key receptor components, DCC, is expressed in commissural axons. Both netrin and DCC are essential for commissural axons to reach the ventral midline in the vertebrate spinal cord (Serafini et al. 1996; Fazeli et al. 1997) .
Secreted tropic cues can act at a distance, as netrin does, to establish gradients of information. Alternatively, guidance cues can be tightly linked to cell surfaces and influence only growth cone processes that make contact with them. For example, the Ig-superfamily member DSCAMs are transmembrane signaling molecules. In insects, the DSCAM1 gene can be differentially spliced into potentially tens of thousands of isoforms (Schmucker et al. 2000) . The processes of a neuron expressing a particular collection of isoforms is repulsed by its own process in a DSCAM1 dependant manner, but mix freely with neuronal processes expressing disparate DSCAM1 isoforms (Hughes et al. 2007; Matthews et al. 2007; Soba et al. 2007 ). Many of the guidance cues in the semaphorin family and all of those in the ephrin family are transmembrane or surface bound molecules. However, even surface localized guidance cues can be used to generate a gradient of guidance information. For example, gradients of ephrin expression in the tectum and superior colliculus help organize the retinotopic projections of retinal ganglion cells onto their target fields (Cheng et al. 1995; Feldheim et al. 2000; Hindges et al. 2002; McLaughlin et al. 2003; O'Leary 2010) .
Modulatory Guidance Cues
Modulatory cues affect how axons respond to tropic cues without acting as tropic cues on their own. Possible examples of this kind of cue include laminin, NGF, or the chemokine SDF1. For example, netrin can be converted from an attractant to a repellent depending on whether growth cones are extending on fibronectin or laminin (Hopker et al. 1999 ). Neurotrophins or the chemokine SDF1 can make axons less responsive to the repellent semaphorin3A (Dontchev and Letourneau 2002; Chalasani et al. 2003a) . One signaling pathway through which modulators can influence growth cone responses to tropic cues is by altering cyclic nucleotide concentrations within the responding growth cone (Song et al. 1997) , implying that the internal state of the growth cone can have a profound effect on its responses to tropic guidance cues.
The Limits of Categorization
Individual molecular guidance cues can span several of these categories depending on the particular context in which they act. For example, the chemokine SDF1 acts as a chemoattractant for migrating dentate granule cells in the hippocampus, a trophic factor for retinal neurons, and a potential modulator cue that makes retinal axons less sensitive to repellents (Bagri et al. 2002; Chalasani et al. 2003b; Chalasani et al. 2003a) . Some of the tropic guidance molecules have a significant influence on other aspects of development such as cell survival.
Netrin receptors can stimulate neuronal death when netrin is absent (Llambi et al. 2001) whereas semaphorin3A acting through its receptor Plexin-A3 for long periods can promote sensory neuron death (Ben-Zvi et al. 2008) . Tropic cues can play fundamentally important roles in determining cell fates during development. For example, Wnt4 helps guide commissural axons anteriorly after they cross the ventral midline of the developing spinal cord (Lyuksyutova et al. 2003) , but is also an important determinant of cellular differentiation in the mammalian reproductive system (Vainio et al. 1999; Kim et al. 2006) . Thus, axonal guidance cues are not specialized for any one function, nor do they act through a single mechanism. They are potent signals that have different effects depending on the developmental contexts in which they act.
DISTRIBUTION AND REGULATION OF GUIDANCE RECEPTORS AND CUES
Axonal trajectories are determined by the combined influence of the guidance receptors expressed on axon surfaces and the distributions of relevant cues axons encounter in their environment. As a consequence, accurate pathfinding depends critically on the establishment of reproducible and precise patterns of expression for both receptors and guidance cues. Subpopulations of neurons whose axons make divergent decisions at choice points express different sets of receptors for guidance cues. These cues are expressed in a spatially and temporally discontinuous manner along axon pathways. Transcription factors control receptor expression in the growing neuron and guidance cue expression in the surrounding pathways. These principles are well illustrated in the vertebrate motor and retinal projections.
Motor neurons innervating limb muscles arise from brachial and lumbar levels of the spinal cord and are positioned in medial and lateral subdivisions of the lateral motor column (LMC). Distinct subdivisions of the LMC innervate specific muscle targets in the limb (Landmesser 1978) . Motor axons must choose between separate dorsal or ventral pathways to reach their correct muscles. Motor neuron identity is determined by a combinatorial code of LIM transcription factors (Jessell 2000) . Lhx1 (Lim1) is expressed in lateral LMC motor neurons which project to the dorsal limb, whereas Isl1 is expressed in medial LMC neurons, which project to the ventral limb (Kania et al. 2000) . Lateral LMC motor axons project into the dorsal limb because they express EphA receptors and are repulsed by high levels of ephrinA5 in the ventral limb (Kania and Jessell 2003) . Medial LMC axons project into the ventral limb because they express EphB receptors and are repulsed by ephrinB2 in the dorsal limb (Luria et al. 2008) . Lhx1 regulates EphA4 expression in lateral LMC motor neurons, Islet1 regulates EphB in medial LMC motor neurons, and Lmx1b, expressed in the dorsal limb, promotes expression of ephrinA5 and ephrinB2 expression in the dorsal limb mesenchyme (Kania and Jessell 2003; Luria et al. 2008; Bonanomi and Pfaff 2010) . Thus, a complimentary system of Eph receptors and their ligands directs motor neuron axons to distinct target regions, and the expression of key guidance components in each pathway is regulated by specific LIM homeodomain transcription factors.
In the visual projection of vertebrates with stereoscopic vision, specific subsets of retinal ganglion cell axons project ipsilaterally or contralaterally at the optic chiasm before projecting to targets in the thalamus. Retinal ganglion cells in the ventrotemporal retinal crescent project ipsilaterally, whereas ganglion cells outside of the ventrotemporal retina and some late-born cells in the ventrotemporal retina project contralaterally (Godement et al. 1990; Guillery et al. 1995) . In both the frog and mouse, ephrinBs expressed by glial cells at the midline force ventrotemporal retinal ganglion cell axons expressing EphB receptors to the ipsilateral side of the chiasm (Nakagawa et al. 2000; Williams et al. 2003) . The timing of receptor and ligand expression and subsequent downregulation is exquisite (Williams et al. 2003) . The transcription factor Zic2 regulates EphB1 expression in ventrotemporal retinal ganglion cells, it is required for the ipsilateral projection, and it is sufficient to induce an ipsilateral
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Cite this article as Cold Spring Harb Perspect Biol 2010;2:a001933 trajectory in contralaterally-projecting cells (Herrera et al. 2003; Garcia-Frigola et al. 2008; Lee et al. 2008) . The transcription factor Foxd1, in turn, seems to regulate the expression of Zic2, as mutations in Foxd1 lead to an absence of Zic2 and EphB1 expression (Herrera et al. 2004) .
As in the retina, transcription factors expressed in the ventral diencephalon where the optic chiasm forms control guidance cue expression. In the Foxd1 mutant mouse (Marcus et al. 1999; Herrera et al. 2004) , and the Belladonna (Lhx2) mutant zebrafish (Seth et al. 2006) , ipsilateral retinal projections are greatly increased because of the misexpression around the optic chiasm of both transcription factors and guidance cues including Zic2, Foxg1, Slits, and Ephs. After retinal axons enter the optic tracts, patterned transcription factors in the retina control the expression of Ephs and ephrins that are used to topographically map retinal axons onto the tectum (See Huberman et al. 2010; O'Leary 2010) .
These examples illustrate the principle that the precise and sequential expression patterns of transcription factors determine the expression of both guidance receptors and their cues. The mechanisms underlying the control of guidance factor expression by transcription factors are just beginning to be identified in these and other systems (e.g., Wilson et al. 2008; Takahashi et al. 2009 ). Multiple guidance receptors and cues are expressed in overlapping but distinct patterns, and how these patterns of expression are coordinated amongst the transcription factors themselves is another challenging problem.
INTEGRATION OF GUIDANCE INFORMATION
It is readily apparent that axons extending through the developing nervous system encounter many competing guidance signals arising from a variety of sources that need to be integrated into unitary, reproducible decisions. Axons simultaneously interact closely with the ECM, glial, and neuronal cell surfaces, each of which express multiple permissive, tropic, and modulatory signals all at the same time (Fig. 5) . Now that many of the key guidance molecules and their receptors have been identified, one of the great outstanding challenges is to understand how they work together to orchestrate the sequential guidance decisions of particular axons, from their point of initiation to the arrival Environmental influences on axon pathfinding. Axons navigate through an environment in which neuronal and non-neuronal cells display on their surfaces or secrete into interstitial spaces and the ECM a variety of signaling molecules. These include morphogenic and differentiation factors that influence neuron determination, as well as tropic, modulatory, adhesive, and trophic factors that act directly on the growth cone. Depending on which specific guidance receptors and signaling components are expressed in the growth cone, guidance cues activate particular signaling pathways that regulate growth cone motility. As a result, a growth cone may advance, pause, collapse, withdraw, turn, or fasciculate with other axons.
at their target. One system in which this issue has been studied in detail is at the invertebrate and vertebrate midlines (See Dickson and Zou 2010) . It might seem reasonable to assume that the effects of multiple attractive and repellent cues add together, producing a net effect in proportion to their sum. However, the information currently available suggests that this is not always the case and that important nonlinearities arise when multiple cues interact. The modulatory cues mentioned previously are examples, as they do not provide directional information on their own, but instead alter how axons interpret other tropic cues. Two very dramatic examples of cues whose effects do not simply sum together are provided by the coexpression of the attractant netrin and the repellent slit at the ventral midline of the vertebrate nervous system. Commissural axons are first attracted to the midline by netrin and then repelled away from the midline by slit. As commissural axons approach the midline their responsiveness to slits is thought to be suppressed by the expression of Robo-3/Rig-1, a Robo receptor relative that makes the expressing axons less sensitive to slits (Sabatier et al. 2004; . Once commissurals reach the midline, Netrin/DCC attraction is reported to be silenced by slit activation of the Robo receptor and Robo's interaction with the intracellular domain of DCC (Stein and Tessier-Lavigne 2001) . Commissural axons thereby loose their responsiveness to the midline attractor netrin so that they can be pushed away by slit. At the fly ventral midline, activation of the netrin receptor frazzled/ DCC by a netrin independent mechanism has been shown to down-regulate Robo expression through the activation of Commissureless (Yang et al. 2009 ). Commissureless-induced Robo receptor internalization helps netrin attract axons to the midline by making pre-crossing commissurals insensitive to the repellent effects of slit produced there (Keleman et al. 2002) . These examples highlight the potential complexities in signal integration as growth cones encounter multiple guidance cues in their environment and show that competing signals cannot be assumed to simply sum linearly together.
CONCLUSION
Truly understanding how axons navigate so precisely to their targets will require a systematic description of the cells with which they interact, cataloguing the full menu of cues displayed and secreted by those cells, and understanding how growth cone responses are produced by the combined action of these cues. Spectacular progress has been made over the past decade in identifying and understanding how molecular guidance cues work, but less attention has been paid to the cellular context in which these cues are produced, presented, and interpreted by growing axons. Past experience suggests that the greatest progress towards these goals will be made by researchers brave enough to apply a multitude of different techniques ranging from electron microscopy through molecular and cellular biology, towards well defined in vivo systems in which specific axonal decisions can be recognized and understood in detail.
